The repair of damaged DNA is coupled to the completion of DNA replication by several cell cycle checkpoint proteins, including, for example, in fission yeast Rad1 Sp , Hus1 Sp , Rad9 Sp and Rad17 Sp . We have found that these four proteins are conserved with protein sequences throughout eukaryotic evolution. Using computational techniques, including fold recognition, comparative modeling and generalized sequence profiles, we have made high confidence structure predictions for the each of the Rad1, Hus1 and Rad9 protein families (Rad17 Sc , Mec3 Sc and Ddc1 Sc in budding yeast, respectively). Each of these families was found to share a common protein fold with that of PCNA, the sliding clamp protein that tethers DNA polymerase to its template. We used previously reported genetic and biochemical data for these proteins from yeast and human cells to predict a heterotrimeric PCNA-like ring structure for the functional Rad1/Rad9/Hus1 complex and to determine their exact order within it. In addition, for each individual protein family, contact regions with neighbors within the PCNA-like ring were identified. Based on a molecular model for Rad17 Sp , we concluded that members of this family, similar to the subunits of the RFC clamp-loading complex, are capable of coupling ATP binding with conformational changes required to load a sliding clamp onto DNA. This model substantiates previous findings regarding the behavior of Rad17 family proteins upon DNA damage and within the RFC complex of clamp-loading proteins.
INTRODUCTION
DNA damage, strand breaks and replication errors arising during cell division must be corrected to ensure faithful replication of the genome. This crucial process is carried out by a complex network of proteins, many of which are directly linked to the transmission of cell cycle checkpoint signals. The set of Rad checkpoint proteins, including Rad1 Sp , Rad3 Sp , Rad9 Sp , Rad17 Sp , Rad26 Sp and Hus1 Sp , are important in coupling the repair of DNA damage with DNA replication during the cell cycle (1) (2) (3) (4) . However, the molecular details of how these proteins function remain unclear.
A recent study has demonstrated that Rad24 Sc (Rad17 family) associates specifically with four of the five members of the replication factor C (RFC) complex, RFC [2] [3] [4] [5] (5) . Rad17 Sp and the RFC 3 subunit were found in the same protein complex (6) , indicating that association of Rad17 family members with RFC [2] [3] [4] [5] is not confined to budding yeast. Normally the RFC [1] [2] [3] [4] [5] complex facilitates genome replication by loading the sliding clamp protein PCNA onto the targeted site of DNA polymerization (7) . The appearance of DNA damage in the cell causes translocation of Rad17 Hs out of the nucleolus (8) , where it likely exchanges into the RFC complex. Sequence similarities of Rad17 Sp and Rad24 Sc (9, 10) with the RFC clamp-loading subunits have been noted that could explain this exchange. Furthermore, a tentative or transient interaction has been observed between Rad17 and Rad1 in both Schizosaccharomyces pombe (4) and human (11) cells. Note, however, that this has not always been observed when tested (12) , indicating that this interaction is either weak or dependent on the presence of specific DNA structures.
Another distinct checkpoint protein complex consists of the Rad1, Rad9 and Hus1 proteins in humans (12, 13) and S.pombe (4) and the functional analogs Rad17 Sc , Ddc1 Sc and Mec3 Sc in Saccharomyces cerevisiae (14, 15) . Although a low degree of sequence similarity has been observed between these S.cerevisiae proteins and each of the respective protein families, establishing true homology has been elusive and has remained an open question.
In a previous study we found that the Rad1 family, including the founding member Rec1 Um of Ustilago maydis, Rad1 Sp , Rad17 Sc and three other homologs previously culled from cDNA and genome databases, are distantly related to the PCNA protein structure (16) . This finding stimulated the notion that Rad1 might act as a sliding clamp during DNA repair-dependent replication. Importantly, Hus1 was also recently found to be homologous to both Rad1 and PCNA (17) . These unexpected observations were followed by the addition of Rad9 Sp to the list of putative PCNA homologs (4, 18) .
Here we report the results of using a range of computational methods to examine more closely the relationship of these three protein families to the available structures of other proteins. In doing so we have verified the sequence and structural similarities of all three families with PCNA, including a close inspection of the divergent S.cerevisiae protein members. We have also modeled the putative ATP-binding site of Rad17 Sp based on the experimental structures of bacterial clamp-loading protein δ′ and the N-ethylmaleimide-sensitive fusion (NSF) protein in the ATP-bound state. From these structure-based predictions, we propose a mechanism by which Rad17/RFC [2] [3] [4] [5] and the Rad1/Rad9/Hus1 proteins interact to facilitate the repair of DNA damage during the crucial DNA synthesis stage of the cell division cycle.
MATERIALS AND METHODS

PSI-BLAST searches
PSI-BLAST (19) searches were performed against the nonredundant sequence database at the NCBI (www.ncbi.nlm.nih.gov ). For the Rad1, Rad9 and Hus1 protein families, PSI-BLAST searches were run using default parameters until profile convergence. For the Rad17 family the number of matching protein sequences was very large. Therefore, instead of running searches until profile convergence, we limited iteration to between four and six cycles.
Identification of Caenorhabditis elegans Rad9
After finding an initial sequence match to the Rad9 protein family, a Rad9-like gene (GenBank accession no. AF247970) from C.elegans was predicted using the Gene Finder program suite (URL: http://dot.imgen.bcm.tmc.edu:9331/gene-finder/ gfb.html ) and monitoring protein sequence homology with other Rad9 proteins. Full-length Rad9 Ce , encoding a protein of 323 residues, is most similar within this family to Rad9 Hs (~21% identity as determined after multiple sequence alignment of Rad9 family members) and although the actual C-terminus is uncertain, the predicted sequence completely encompasses the region assigned as the PCNA-like fold in other Rad9 proteins.
Multiple sequence alignments
Alignment of multiple sequences was performed with the PILEUP program (GCG Inc., Madison, WI) using the Blosum50 substitution matrix (20) . In each case, a series of alignment variants were produced by gradually lowering the gap opening and extension penalties from the default values. The final alignment of multiple sequences was constructed by taking the dominant variant for each region. When the alignment of a particular subsequence was highly dependent on gap penalties, this region was aligned manually using PSIPRED (21) secondary structure predictions for individual sequences as a guide.
Sequence-structure threading
Compatibility of individual sequences with known 3-dimensional (3D) protein structures was tested using the sequencestructure threading method developed by Fischer and Eisenberg (22; URL: http://fold.doe-mbi.ucla.edu/ ). Briefly, the sequence of interest ('probe') is threaded onto every fold in a library of structures. Every resulting sequence-structure pair is then assigned a score, indicating compatibility of the probe sequence with the given fold under the resulting alignment. A noteworthy feature of this particular threading method is that, in addition to the amino acid sequence of the probe, the predicted secondary structure of the probe is used to measure the compatibility with the given fold. To determine significance of the match, or how likely it is that this match arises by chance, the compatibility score is expressed as a Z score [the number of standard deviations (σ) above the mean score]. The higher the Z score, the more likely it is that the threaded probe adopts the matching fold. A Z score >7σ indicates a true positive (22) . Threading fitness scores were used to evaluate general compatibility of probe sequence with matching structures, while corresponding sequence-structure alignments were used in the molecular modeling procedure given below.
Construction and evaluation of sequence-structure alignments
To further explore the relationship of the Rad9 and Hus1 protein families with PCNA, we have constructed and analyzed the respective sequence-structure alignments. For this purpose we used an iterative model building/evaluation approach similar to that described earlier (23) , consisting of three main steps: (i) alignment of a probe sequence with 3D structure(s) of related protein(s); (ii) construction of a corresponding 3D molecular model; (iii) evaluation of the modeled structure. The idea behind this approach is that most of the alignment errors, undetectable at the sequence level, would manifest themselves in the 3D structure and could be identified by model evaluation. Instead of using a single probe sequence as in our earlier study of the Rad1 family (16) , several members of both the Rad9 and Hus1 protein families were used as probe sequences to increase the sensitivity of this procedure. Sequence variation within a protein family makes it more likely that an alignment error, which may not be recognized as a significant flaw in the 3D structure in a particular representative, will be identified as such a flaw in other family members.
Rad9 and Hus1 alignments with PCNA. Because of very low sequence similarity of both the Rad9 and Hus1 families to PCNA, construction of the initial Rad9-PCNA and Hus1-PCNA alignments presented considerable challenges. To avoid testing a large number of alignment variants for every structurally conserved region of PCNA, we used an approach designed to provide both a reasonable number of sequence-structure mapping variants as well as an initial assessment of the regionspecific confidence of the alignments. In this approach we have used data from two procedures: multiple sequence alignments and pairwise alignments resulting from sequencestructure threading.
The regions of Rad9-PCNA and Hus1-PCNA alignments that displayed the highest stability in both the multiple sequence alignment study and in the threading-based alignments were compared. Where alignment of these regions in both cases agreed, they were considered reliably aligned and tested as single variants in model building. For the rest of the regions, up to five different alignment variants originating either from multiple sequence alignments, threading or manual alignment were considered.
Construction of molecular models. Every alignment variant for each probe sequence was used to generate a corresponding molecular model. Protein models were constructed with MODELLER (24) using superimposed yeast and human PCNA structures (PDB codes 1PLQ and 1AXC, respectively) as templates. After coordinates were assigned to the probe sequence, side chains were rebuilt with the program SCWRL (25) . The quality of the models was then assessed by visual inspection and with ProsaII (26), a method designed to detect errors in 3D structures of proteins. As an indicator of the overall quality of a particular model we have used the ProsaII Z score, which is the difference between the empirical energy of the model and the mean energy of many other folds onto which the same sequence is threaded, expressed in units of standard deviation (σ). Particular alignment variants were selected based on the consensus of ProsaII Z scores for all probe sequences from the same family (either Rad9 or Hus1). However, in some cases even evaluation of corresponding models was not sufficient to make an unambiguous selection from different alignment variants. These were selected arbitrarily and the corresponding alignment regions were considered to be of lower confidence (indicated by a gray background of secondary structure elements in Fig. 1B and C).
Mec3
Sc and Ddc1 Sc alignments. Alignments for yeast Mec3 Sc and Ddc1 Sc proteins were constructed differently from the other sequences of corresponding families. Multiple sequence alignments for the Ddc1 Sc -Rad9 family, and even more so for the Mec3 Sc -Hus1 family, contained a number of regions which did not produce single dominant alignment variants. For these regions the alignment was constructed either by taking one of the produced alignment variants by aligning manually, guided by PSIPRED (21) secondary structure predictions. Accordingly, these regions were assigned lower alignment confidence. The resulting Mec3 Sc -Hus1 and Ddc1 Sc -Rad9 family alignments were then simply merged with Hus1-PCNA and Rad9-PCNA structure-based alignments to produce the final multiple sequence alignments shown in Figure 1B and C, respectively.
Profile searches
Sequence profiles were constructed from the multiple sequence alignments using the Pftools package (27; URL: ftp:// ftp.isrec.isb-sib.ch/sib-isrec/pftools/ ). These profiles were used to search against the yeast protein sequence database Table 3 . Threading results for the Rad9 protein family Notation as in Table 2 . The results are provided for the complete Rad9 sequences, as well as for truncated forms: N-terminal deletion of 70 residues and lacking poorly conserved C-terminal regions.
containing the complete yeast genome (www.ncbi.nlm.nih.gov ) and subsequently extended by adding all known members of the Rad1, Rad9 and Hus1 families as well as a number of PCNA sequences, representing a broad spectrum of conservation, for reference points.
Modeling the nucleotide-binding site for a Rad17 protein family representative
The Rad17 protein family and the yeast RFC subunits were aligned separately and then merged together as described above. Structures of the δ′ subunit (PDB code 1A5T) of Escherichia coli DNA polymerase III and NSF D2 (1D2N) were superimposed. Structurally equivalent regions in the δ′ subunit corresponding to ATP-binding motifs in NSF D2 were identified and four motifs that could be aligned unambiguously with both the Rad17 family and RFC proteins were selected. The structure of NSF D2 was then used as a template to model the structural arrangement of these four sequence motifs in Rad17 Sp . The model of the Rad17 Sp nucleotide-binding site was constructed by substituting non-conserved side chains while preserving the NSF D2 backbone conformation as well as the spatial position of the bound ATP analog and magnesium ion.
RESULTS AND DISCUSSION
A thorough search of the sequence databases yielded several new members of the Rad1, Rad9, Hus1 and Rad17 cell cycle checkpoint protein families, indicating the wide extent of conservation in these checkpoint mechanisms. The evolutionary and structural relationships of proteins within each of the families examined in our study are given in Table 1. The table  partly summarizes the results of this study and also addresses the issue of considerably confusing nomenclature for these four protein families.
Identification of the PCNA fold in the Rad1, Rad9 and Hus1 families
All members of the Rad1 protein family were predicted by comparative modeling to have the PCNA fold (16) . As judged A by the results of an iterative PSI-BLAST search, at least three Hus1 homologs appear to be related to both Rad1 and to PCNA (17) . However, when each Hus1 family member (Table 1) was run independently as a probe in a PSI-BLAST search, PCNA was never picked up above the E-value threshold. We therefore used sequence-structure threading (22) to test the relationship between Hus1 and PCNA. Each Hus1 protein sequence was tested for compatibility with all known 3D structures and found to consistently match PCNA better than any other protein structure ( Table 2 ). The resulting sequence-structure alignments spanned the entire length of PCNA, giving additional support for the structural similarity between the Hus1 and PCNA families. As with Hus1, PSI-BLAST searches performed for each of the Rad9 family proteins did not detect significant sequence similarity with proteins other than members of the Rad9 family. Again, individual Rad9 sequences were threaded against a library of 3D protein structures and PCNA was identified as a strong candidate fold (Table 3) . Nevertheless, threading results for Rad9 proteins were not as consistent as for Hus1 proteins. As this appeared to result from additional length in all Rad9 protein sequences, we decided to test the idea that poorly conserved C-terminal regions extend beyond the PCNA fold encompassed by much stronger conserved N-terminal regions.
In agreement with this idea, truncation of C-termini made PCNA the dominant matching fold with very high fitness scores. In contrast, PCNA almost completely disappeared from the list of best matches if the threaded Rad9 sequences lacked the N-terminal 70 residues.
Since only PCNA structures matched with Z scores greater than the threshold (7σ) established independently for false positives (22) , threading results leave little doubt that proteins from the Rad1, Rad9 and Hus1 families all possess the PCNA fold. At the same time, it is known that detection of distant homologs either by sequence searches or by threading does not necessarily translate into correct, structurally sound sequence alignments (28, 29) . This seemingly contradictory observation is consistent with the idea that a protein fold is primarily determined by global sequence characteristics and is not localized to particular residues (30) . We considered alignment accuracy and estimation of its reliability especially important since these alignments will be used as a guide for experimental studies at the residue level, such as site-specific mutagenesis. To avoid errors in the alignment of PCNA with these particular Rad checkpoint protein sequences, molecular models were constructed with full atom representation for proteins from both the Hus1 and Rad9 families. Modeling was used to address the independent verification of threading, refinement B of sequence-structure alignments with PCNA and estimation of region-specific reliability of the alignments. The resulting sequence-structure alignments between representatives of the Rad1, Rad9 and Hus1 families with PCNA proteins are displayed with the indicated region-specific confidence (Fig. 1) .
The general fitness of any particular sequence aligned to the PCNA scaffold is indicated by the results of model evaluation with ProsaII (Table 4) . Native-like protein structures are assigned lower energy (and corresponding lower Z scores). Because the ProsaII Z score depends on the length of the protein chain, we have included Z scores for experimentally determined and modeled structures of similar size to have reference points for both correct and flawed protein structures. Experimental structures include both yeast and human PCNA, which were used as structural templates to obtain models. Two other reference structures are models of the first two domains of the β subunit of E.coli polymerase III, a known structural and functional homolog of PCNA. Both models were generated using yeast PCNA as the structural template, but one model (β) was based on accurate structure-based alignment, while the second (β*) was based on a previously reported incorrect alignment (31) . All models of Rad1 (16), Rad9 and Hus1 proteins were assigned Z scores better than that for the correctly aligned β model and close to those assigned to native PCNA structures. These results indicate with high certainty that Rad1, Rad9 and Hus1 proteins fold into PCNA-like structures and that the sequence-structure alignments in most regions are likely to be correct. Regions of Rad1, Hus1 and Rad9 proteins involved in forming interfaces between monomers in the heterotrimeric ring structure (Fig. 2) are denoted by names of the interacting partners above the secondary structure elements. In the Rad1-PCNA alignment (A) the E128K mutation preventing formation of the Rad17 Sc -Mec3 Sc complex is also indicated (*). A shaded background for some secondary structure elements indicates that the sequence-structure alignment in corresponding regions is less confident. Shading in Mec3 Sc (B) and Ddc1 Sc (C) sequences mark regions of uncertainty in their alignment with, respectively, the Hus1 and Rad9 families. Long insertions and C-terminal regions extending beyond the PCNA fold were removed to preserve space and numbers in parentheses indicate the lengths of removed fragments.
C
Homology of the Rad17 Sc , Ddc1 Sc and Mec3 Sc proteins
Establishing homology of checkpoint proteins from S.cerevisiae to proteins from other species has been especially challenging. The protein complex containing Rad1, Rad9 and Hus1 in human cells (12, 13) and S.pombe (4) is functionally analogous to that observed in S.cerevisiae, containing Rad17 Sc , Ddc1 Sc and Mec3 Sc (14, 15) . Rad17 Sc is an ortholog of the Rad1 family (32, 33) and Ddc1 Sc was suggested to be distantly related to Rad9 Sp (34) . Recently, Mec3 Sc was tentatively assigned to the Hus1 family, but no PCNA-like motifs were detected (4). To test for the evolutionary relationship of Mec3 Sc , we used generalized sequence profiles (27) of aligned Hus1 sequences to search the entire translated S.cerevisiae genome. Profiles constructed from Hus1 family members alone and from the sequencestructure Hus1-PCNA alignment (Fig. 1B) turned up Mec3 Sc as the most similar yeast protein sequence (discounting yeast PCNA in the latter case, as it was used in profile construction). Mec3 Sc matched the latter profile even better than PCNA sequences from some other organisms. These results clearly indicate that Mec3 Sc is related to the Hus1 family and that it has recognizable sequence similarity to PCNA. Interestingly, searching with the Hus1-PCNA profile turned up proteins from both the Rad1 and Rad9 families, although these had somewhat lower scores. Profiles constructed from the Rad1-PCNA (Fig. 1A) and Rad9-PCNA (Fig. 1C) alignments retrieved proteins from the Rad9/Hus1 and Rad1/Rad9 families, respectively (including those from S.cerevisiae), with sufficiently high scores. This provided supplementary evidence for the predicted evolutionary relationship between the Rad1, Rad9, Hus1 and PCNA protein families.
Because Ddc1 Sc and especially Mec3 Sc are very divergent from the corresponding proteins in the Rad9 and Hus1 families, these alignments are less reliable. Nevertheless, after producing Ddc1 Sc and Mec3 Sc alignments (see Materials and Methods) it became obvious that the relationship of these two proteins with the Rad9 and Hus1 families is camouflaged by a number of long insertions. Whereas similarity to PCNA was not recognized with full-length Ddc1 Sc and Mec3 Sc sequences, removing these lengthy insertions prior to threading resulted in bringing PCNA to the number one matching position.
The structure predictions for the Rad1, Rad9 and Hus1 families utilized several complementary methods. The threading approach used here to a large degree relies on how well predicted secondary structure for the probe sequence fits the structural template. At the same time, ProsaII evaluation takes into account residue-residue interactions, comparing them to the ones observed in experimentally determined structures. Sequence profiles use only conservation patterns of aligned sequences. The fact that all three methods strongly support evolutionary relationships between the Rad1, Rad9, Hus1 and PCNA families greatly increases the reliability of this finding.
Heterotrimeric ring structure of the Rad1/Rad9/Hus1 complex
Our earlier finding that the Rad1 family is related to PCNA led to the hypothesis that Rad1 forms a PCNA-like clamp involved in damage-specific processing of DNA (16) . However, more recent evidence indicates that overexpressed, purified Rec1 Um (35) and Rad1 Hs (M.P.Thelen, unpublished results) proteins exist in solution as monomers, not as homotrimers as we postulated. On the other hand, genetic studies showed that cells fail to activate the DNA damage checkpoint if at least one of Rad1, Rad9 or Hus1 is non-functional (3). Furthermore, recently, all three proteins were found within a distinct protein complex in both humans and yeasts (4, (12) (13) (14) (15) and formation of such a complex is critical for activating the DNA damage checkpoint (14) . Since members of the Rad1, Rad9 and Hus1 families all appear to possess the PCNA fold, it follows that these proteins could form a complex by associating into a heterotrimeric DNA sliding clamp structure. Sequence similarity of all these three families to PCNA indicates that Rad1, Rad9 and Hus1 might associate in a head-to-tail manner, like monomers within the PCNA ring. However, even this constraint leaves two different possible combinations to form the head-to-tail heterotrimer. Which one of them represents the functional form?
In the Rad17 Sc /Ddc1 Sc /Mec3 Sc (Rad1/Rad9/Hus1) complex Mec3 Sc was determined to interact only with the N-terminal region (1-179) of Rad17 Sc (14) . This leaves only one possible arrangement of the three proteins within the ring (Fig. 2) . As a result, for each of the three protein families we could define regions that interact with proteins from the other two families within the ring structure (see Fig. 1 ). Additional support for this protein association model is given by a mutation in Rad17 Sc , E128K, that abolishes the interaction with Mec3 Sc (14) and confers DNA damage sensitivity similar to that caused by disruption of RAD17 (33) . The E128K mutation maps onto the β-strand forming an interface with another monomer in the ring structure (indicated in the Rad1-PCNA alignment in Fig. 1A ; arrow in Fig. 2 ). It is unlikely that a single residue substitution at the surface of the protein would significantly affect protein conformation. The simplest explanation for such a dramatic biological consequence is that the E128K mutation disrupts the Rad17 Sc -Mec3 Sc interface, preventing the formation of a functional heterotrimeric structure. The residue in PCNA corresponding to position 128 in Rad17 Sc becomes buried upon interaction with another subunit. The charge reversal at this residue position most likely prevents formation of a solvent-inaccessible salt bridge, at the same time producing very unfavorable electrostatic interaction between buried positive charges. This reasoning is also supported by the observation that single residue mutations of a corresponding β-strand in either yeast PCNA (S115P) or human PCNA (Y114A) disrupt trimer formation which eliminates PCNA activity in vitro and compromises yeast cell growth (36, 37) . Although our modeling study combined with genetic and biochemical data indicates that the functional form of the DNA damage-responsive Rad1/Rad9/Hus1 complex is a PCNA-like heterotrimeric ring structure, a possibility exists that in addition, Rad9 and/or Hus1 may form homotrimeric clamps. However, the question of whether or not such homotrimers might be stable is beyond the sensitivity limits of our modeling analysis and cannot substitute for experimental studies.
Structure-based analysis of the Rad17 protein family nucleotide-binding function
For the checkpoint function of the Rad1, Rad9 and Hus1 proteins (Rad17 Sc , Ddc1 Sc and Mec3 Sc ), an intact Rad17 (Rad24 Sc ) protein is required (14, 38) . The Rad17 protein family is related to subunits of clamp-loading complexes, both the eukaryotic RFC and prokaryotic γ complexes (9) . Recently, an extensive sequence search and alignment study has shown that both the Rad17 family and the clamp loaders belong to a very large group of ATPases collectively designated the AAA+ class (39) . Similarity between the AAA+ class proteins extends well beyond the nucleotide-binding motifs Walker A (a phosphate-binding P-loop) and Walker B (often referred to as the DEXX motif). Proteins assigned to this class feature several characteristic conserved sequence regions that distinguish them from other NTPases and fall within boxes II-VIII that were previously defined for RFC-related proteins (40) .
The sequence similarity between Rad17 proteins and subunits of clamp loaders indicates structural and possible functional similarity. Of all clamp-loading proteins, an experimentally determined structure is only available for the δ′ subunit of E.coli polymerase III (41) . The δ′ subunit is, however, unable to bind ATP and its structure does not directly elucidate the role of ATP binding and hydrolysis in the clamp-loading process. The closest structural match for the δ′ subunit is the D2 fragment of the NSF protein, another member of the AAA+ class (39), displaying similarity in topology and structure with the first two domains of δ′ (Fig. 3A) . Unlike δ′, NSF D2 binds ATP with high affinity, and two independently determined high resolution structures in the ATP-bound state are available (42, 43) .
The close structural similarity between δ′ and NSF D2 made them both useful parent structures to derive molecular models for proteins of the Rad17 family. Although the sequence comparison suggests that Rad17 structural similarity extends throughout all three domains of δ′, the regions corresponding to the N-terminal and linker domains are more highly conserved. For these two domains, alignment of the Rad17 and RFC proteins was dubious in some of the regions; therefore, we decided to confine our modeling study to the nucleotidebinding site, where structurally equivalent motifs in both δ′ and NSF D2 also had strongly conserved sequence patterns (colored gold in Fig. 3A ) that are characteristic of the entire AAA+ class (39) . Those regions could be unambiguously aligned with both Rad17 and RFC protein sequences (Fig. 3B) . Rad17 Sp was chosen for modeling because some residues within its putative nucleotide-binding site have been analyzed by site-directed mutagenesis (9) .
As a framework for modeling the spatial arrangement of Rad17 Sp chain fragments, the ATP-bound form of NSF D2 was preferable over δ′. The resulting model comprises a considerable part of the Rad17 Sp nucleotide-binding pocket (Fig. 4) . From this it is apparent that Rad17 Sp is able to preserve residue contacts with both ATP and the Mg 2+ ion observed in the structure of NSF D2. Many of these conserved contacts involve the triphosphate moiety and come from the Walker A (P-loop), Walker B (DEXX) and Sensor-1 (41) motifs. However, the N-terminal part of the helix (Sensor-2), which comes from the second domain, also contributes several residues to the nucleotide-binding pocket. This helix, apparently conserved in both the Rad17 and RFC proteins, most likely functions to couple 'sensing' of nucleotide binding/hydrolysis with significant conformational changes.
So far, none of the members of the Rad17 family have been demonstrated to bind ATP or any other NTP. However, the reported rad17 phenotypes arising from site-specific mutations (9) coupled with the molecular model (Fig. 4) strongly support a functional nucleotide-binding site in Rad17 Sp . The K118E mutation is responsible for loss of Rad17 Sp function. In the model it is immediately apparent that the phosphate moiety of the nucleotide directly interacts with K118 in the P-loop and at the same time buries its side chain underneath. If Lys is substituted by Glu in this position, it would be impossible to accommodate the negatively charged Glu side chain upon nucleotide binding without creating a very unfavorable electrostatic interaction with the triphosphate. Thus, the most likely reason for abolition of function in the rad17 K118E mutant is the inability to bind nucleotide.
In the Rad17 Sp model, triphosphate-binding motifs are reconstructed in full compared to NSF D2, while the nucleoside-binding pocket is modeled only partially. Although because of that we cannot be certain which NTP binds to Rad17, the relationship of the Rad17 family with RFC proteins and the AAA+ class, including NSF D2, suggests that ATP is the most likely candidate.
From this study it also appears that nucleotide binding is likely to cause significant changes in orientation between the N-terminal and linker domains. Bound ATP is sandwiched between the N-terminal domain and the Sensor-2 helix of the linker domain. In this helix two hydrophobic (L314 and I318) residues interact with the plane of the heterocyclic base and the sugar, while a positively charged residue (R315) makes contact with the phosphate moiety. In the absence of ATP these interactions are lost, and that is likely to change the orientation of the Sensor-2 helix and the whole linker domain, corresponding to that in δ′. The residues from the Sensor-2 helix interacting with ATP are part of a sequence motif highly conserved, not only in the Rad17 family, but also in RFC (referred as box VIII; 40) and other related proteins such as the prereplicative complex loader protein Cdc6 (44) . RuvB helicase has also been found to share a similar motif (41) . Not unexpectedly, δ′, which is defective in nucleotide binding, has different residues at the corresponding positions. A mutation in the box VIII region renders rad17 cells more sensitive to ionizing radiation (9) . Interestingly, a DNA replication defect caused by a mutation in the same region of RFC 1 could be suppressed by mutant PCNA proteins which contain substitutions that destabilize the homotrimeric sliding DNA clamp (45) . This finding suggests that in RFC1, the region corresponding to the Sensor-2 helix in the Rad17 Sp model is directly involved in PCNA ring opening while it is loaded onto DNA. Although the Sensor-1 motif was also previously suggested to 'sense' ATP binding (41) , its role seems to be quite different from that of the Sensor-2 helix. A comparison of δ′ and NSF D2 reveals that the Sensor-1 motif in both structures has a similar conformation, indicating that nucleotide binding has a negligible structural effect. Instead, the side chain of the Sensor-1 residue, corresponding to Rad17 Sp T233, appears to be important for ATPase activity, as its close position to the ATP phosphate would enable it to coordinate a water molecule for nucleophilic attack.
The model of the ATP-binding site for Rad17 from fission yeast has all the attributes of an active ATP hydrolase, including canonical P-loop and DEXX motifs. Interestingly, other members of the Rad17 protein family and RFC 5 all feature a modified DEXX motif. Most of them have a conservative substitution, Glu→Asp, however, in C.elegans Rad17 and yeast RFC 5 the negative charge is removed altogether by a substitution with Thr and Asn, respectively. The acidic nature of the first residue in the DEXX motif is known to be critical for catalytic activity (46) , suggesting that neither C.elegans Rad17 nor yeast RFC 5 are able to hydrolyze nucleoside triphosphates.
Proposed function of the Rad1/Rad9/Hus1 and the Rad17/RFC complexes As a result of this study, two structural models emerge to describe the Rad1, Rad9, Hus1 and Rad17 protein families. Rad1, Rad9 and Hus1 are all predicted to have the PCNA fold and furthermore to form a PCNA-like heterotrimeric DNA clamp. Rad17 family proteins are predicted to bind ATP and at least some of these proteins will hydrolyze it. Their close evolutionary relationship to clamp loaders, paralleled with their requirement to fulfill Rad1/Rad9/Hus1 function, strongly supports a model similar to that for function of RFC/PCNA. In such a model, the clamp-loading complex containing Rad17 (Rad24 Sc ) would bind both damaged DNA and the Rad1/Rad9/ Hus1 complex in an ATP-dependent fashion, and use conformational changes associated with ATP binding, hydrolysis and dissociation to break the trimer ring, load the complex onto DNA and then reseal it. Then, like PCNA, the Rad1/Rad9/ Hus1 complex would provide processivity for DNA repair (or degradation) proteins, for example a lesion bypass polymerase such as Pol η (47,48; Fig. 5) . In a separate, DNA damagedependent cell cycle arrest function, the critical signal transmission role of Rad1, Rad9 and Hus1 might also be realized upon forming a clamp, topologically bound to DNA. The Rad1/Rad9/Hus1 complex might then serve as a structural mediator for initiation of a regulatory cascade of checkpoint kinases by transiently recruiting protein kinases and their phosphorylation targets such as Rad3 Sp /Cds1 Sp (Mec1 Sc /Rad53 Sc ).
Recently, some clues as to the oligomeric state of the Rad17 family members have been revealed. Rad24 Sc has been found in a complex with all RFC subunits except for the largest subunit, RFC 1 (5), indicating that Rad24 Sc and RFC 1 are competing for interaction with the other four RFC subunits. This idea is further supported by the fact that overexpression of Rad24 Sc intensifies the growth defects in RFC 1 mutant cells (10) , which can be interpreted as an inability of the resulting Rad24 Sc /RFC 2-5 complex to load PCNA. The estimated size of the RFC 2-5 complex with Rad24 Sc indicates that it is a pentamer, consisting of single copies of Rad24 Sc and each of the four RFC subunits (5) . Rad17 Sp has also been found in a complex with RFC subunits (6) and the size estimated for such a complex (49) is consistent with a Rad17 Sp /RFC 2-5 structure. Sequence homology of Rad17 family members to RFC proteins also indicates that the quaternary structure of the Rad17/RFC complex might be very similar to that formed exclusively by RFC subunits. Conformational changes in the subunits of the Rad17/RFC complex associated with ATP binding/hydrolysis, like that predicted for Rad17 Sp , could break the Rad1/Rad9/Hus1 heterotrimer ring, allowing loading of this complex onto DNA. After ATP hydrolysis, dissociation of ADP from the Rad17/RFC complex may reseal the Rad1/ Rad9/Hus1 complex.
The balance between the two types of RFC complexes might be achieved by redistribution of a Rad17 family protein within the nucleus, depending on the presence of DNA damage (8) . In addition, these two RFC complexes might have different affinities for particular DNA structures. It is postulated that the 'normal' RFC complex recognizes DNA template/RNA primer junction with subsequent PCNA recruitment (50) . Upon DNA damage many different DNA lesions are converted into single-stranded DNA. The RFC complex containing Rad17 might have a higher affinity for nicked or gapped DNA as opposed to a DNA-RNA hybrid (primed DNA). The latter is expected to assume the A-form, while the DNA double helix is normally in the B-form. Such differences might determine which one of the two RFC complexes will bind to the specific structure and which DNA clamp will be loaded (either PCNA or Rad1/Rad9/Hus1).
The sliding clamp model indicates that the Rad1/Rad9/Hus1 complex could provide a platform to allow other DNA repair/ synthesis/degradation enzymes to repair DNA lesions in a processive manner. Unlike PCNA, such a DNA clamp would be formed by non-identical subunits, making it more flexible in the choice of interacting partners. It is also likely that each of the Rad1, Rad9 and Hus1 proteins has an additional cellular role, extending beyond their function as components of a DNA sliding clamp. One example of this is the nuclease activity found in some Rad1 family members (35, 51, 52) .
